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@ A sintered body of zircon having a zircon content of at least 98 wt%, a content of metal Impurities 
other than zirconium and silicon of at most 0.44 wt% as calculated as elemental single substances, a 
bulk density of at least 4.55 g/cm 3 and an average grain size of at most 5 fim. 
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SINTERED BODY OF ZIRCON AND PROCESS FOR ITS PRODUCTION 



The present invention relates to a sintered body of zircon useful as a high temperature structural material 
and to a process for its production. 

The following methods have been proposed for the production of a sintered body of zircon : 
5 (1) A method wherein titania is incorporated to obtain a dense sintered body of zircon (New Material Series 

"Zircon 0 p. 149-217, complied by Shigeyuki Somiya, Rokakuho Uchida (1989)). 

(2) A method which comprises moulding and firing a powder mixture of zirconia and silica obtained by using 

an aqueous water glass solution or an aqueous solution of colloidal silica and zirconium salt as the starting 

material, wherein conversion to zircon and sintering are permitted to proceed during the firing (Japanese 
10 Unexamined Patent Publications No. 1951 67/1 988 and No. 248768/1 988). 

However, in the sintered body obtained by the method (1), titania tends to form a glass phase at the grain 
boundaries, and in the sintered body obtained by the method (2), unreacted zirconia or silica tends to remain 
in the sintered body and the grain size of the obtained sintered body tends to be non-uniform. Both sintered 
bodies have a drawback that the mechanical strength at high temperature e.g. 1400°C Is very low. 
is It is an object of the present invention to solve the above problem and to provide a sintered body of zircon 
which has excellent mechanical properties at high temperature e.g. at a level of 1400°C and which has high 
density, high strength and fine structure, and to provide a process for its production. 

The present invention provides : 

1 . A sintered body of zircon having a zircon content of at least 98 wt%, a content of metal impurities other 
20 than zirconium and silicon of at most 0.44 wt% as calculated as elemental single substances, a bulk density 

of at least 4.55 g/cm 3 and an average grain size of at most 5 jim ; and 

2. A process for producing a sintered body of zircon, which comprises moulding a crystalline zircon powder 
having a SVZr atomic ratio of from 0.95 to 1 . 1 , a zircon content of at least 80 wt%, a content of metal impuri- 
ties other than zirconium and silicon of at most 0.44 wt% as calculated as elemental single substances 

25 and an average particle size of at most 2.0 urn, followed by sintering within a temperature range of from 
1 600 to 1700 Q C for at least 30 minutes. 
Now, the present invention will be described in detail. 

The majority of impurities in a sintered body of zircon produced from a usual raw material is zirconia and 
silica, i.e. zirconium and silicon as metals. As other impurities, titanium, magnesium, aluminium, sodium and 
30 iron are major Impurities. These impurities influence the properties of the sintered body of zircon, and other 
impurities are usually not contained in such a large amount as to influence the properties. 

Zirconia is present at the grain boundaries in the sintered body of zircon and thus forms a defect in the fine 
structure, which substantially lowers the mechanical properties of the sintered body of zircon at high tempera- 
ture. Further, zirconia has a largerthermal expansion coefficient and thus increases the thermal expansion coef- 
35 ficlent of the sintered body, whereby the thermal shock resistance necessary for a high temperature structural 
materia) will be lowered. On the other hand, silica is present also at the grain boundaries in the sintered body 
of zircon. This silica phase softens at a high temperature of at least 1000°C, whereby the mechanical strength 
deteriorates. By controlling the total content of zirconia and silica to a level of at most 2 wt%, these adverse 
effects to the sintered body of zircon can be reduced to a practically harmless level. 
40 The content of metal impurities other than zirconium and silicon in the sintered body of zircon must be at 
most 0.44 wt% as calculated as elemental single substances, because such metal impurities will be present 
in the form of low melting products formed by e.g. the following reactions with zircon and thus lower the mechani- 
cal strength of the sintered body of zircon at high temperature : 
ZrSI0 4 * Ti0 2 » Is Ti0 4 + Si0 2 
45 22rSi0 4 + 3A? 2 0 3 >-» 2Zr0 2 + Af e Si 2 0 13 

32rSi0 4 ♦ 2Fe 3 0 4 3ZK) 2 + 3FeSi0 4 + 0 2 

Further, the grain size of the sintered body must be at most 5 urn and the bulk density must be at least 
4.55 g/cm 3 . If either condition is not satisfied, the sintered body will not have adequate mechanical strength. 
The content of metal impurities other than zirconia and silica in a powder raw material to be sintered to 
so obtain a sintered body of the present invention, must of course be at most 0.44 wt% as calculated as elemental 
single substances. However, zirconia and silica may be contained in their total amount of up to 20 wt% in the 
raw material powder, since they undergo a conversion reaction to zircon during the sintering. However, their 
ratio must of course be a substantially stoichiometrical ratio i.e. an Sl/Zr atomic ratio of from 0.95 :1 to 1.1 :1. 
If the atomic ratio is less than this range, Zr0 2 tends to precipitate at the grain boundaries and thus lower the 
55 strength at a high temperature. On the other hand, if the atomic ratio exceeds this range, Sl0 2 tends to preck 
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the sintered body tends to occur. By sintering a raw material having a Si/Zr atomic ratio of substantially from 
0.95 to 1 .1, a zircon content of at least 80 wt% and a content of metal impurities other than zirconium and silicon 
of at most 0.44 wt% as calculated as elemental single substances, it is possible to obtain a sintered body of 
zircon having a zircon content of at least 98 wt%. Further, the average particle size of this raw material powder 

5 must be at most 2.0 urn. According to the process of the present invention, sintering is conducted at a relatively 
high temperature as described hereinafter, as a raw material powder of high purity is employed. Unless the 
particle size is adjusted to be as small as above, it becomes difficult to obtain a dense sintered body i.e. a sin- 
tered body having a bulk density of at least 4.55 g/cm 3 . 

The sintering temperature must be at a level of from 1 600 to 1 700°C. According to the process of the present 

10 invention, a raw material powder of high purity is employed, whereby unless the temperature is adjusted to be 
at such a high level, sintering will not properly proceed and it becomes difficult to obtain a dense sintered body. 
Thus, the process of the present invention is characterised in that the sintering is conducted at such a high 
temperature. Namely, by conducting the sintering at such a high temperature, it is possible to obtain a sintered 
body having a high bulk density and consequently high mechanical strength. On the other hand, in a case where 

is a raw material powder having a large content of metal impurities is employed, not only a sintered body having 
a low strength at a high temperature will be obtained, but also zircon will be decomposed if sintered at such a 
high temperature. Accordingly, the sintering has to be conducted at a lower temperature, whereby only a sin- 
tered product having a low bulk density will be obtained. However, if the sintering temperature is raised beyond 
1700°C, even in the case of using a raw material powder of high purity as in the present invention, zircon tends 

20 to be decomposed, and zirconia and silica tend to precipitate at the grain boundaries, whereby the product will 
be a sintered product having poor mechanical properties at high temperature. In order to let the sintering pro- 
ceed sufficiently to provide adequate density, the sintering time must be at least 30 minutes. On the other hand, 
if the sintering time is too long, crystal growth proceeds so much that the mechanical strength tends to deterior- 
ate. Therefore, the sintering time is preferably at most 10 hours. 

25 A sintered body of adequate quality can be obtained by normal pressure sintering. However, it is possible 
to prepare a sintered body having even better mechanical properties when sintering is conducted by hot press 
or hot isostatic press (HIP) sintering. 

As described in the foregoing, the sintered body of the present invention has high strength even at a high 
temperature at a level of 1400°C and high thermal shock resistance, and according to the process of the present 

30 invention, such a sintered body of zircon can easily be prepared. 

Now, the present invention will be described in further detail with reference to Examples. However, It should 
be understood that the present invention is by no means restricted by such specific Examples. 

EXAMPLES and COMPARATIVE EXAMPLES 

35 

Zirconia soi (concentration : 20 wt%, manufactured by Nissan Chemical Industries Ltd.) and silica sol (con- 
centration : 20 wt%, manufactured by Nissan Chemical Industries Ltd.) were mixed to bring the Si/Zr atomic 
ratio to 1.0 within an allowable weighing error range, and the pH of this mixture solution was adjusted to 5 by 
use of a 1N aqueous ammonia solution. The solution was stirred for 12 hours and dried by means of an 
40 evaporator. To the powder obtained, 1.0 wt% of crystalline zircon was added, and this powder mixture was 
mixed for 24 hours in a ball mill by using zirconia balls in ethanol. The power mixture thereby obtained was 
dried by means of an evaporator and fired at 1400°C in the atmosphere to obtain fine zircon powder of high 
purity. 

Further, powder mixtures having zirconia powder (manufactured by TOSOH CORPORATION) added in 
45 an amount of 1.5 parts by weight (Comparative Example 4) and 18.0 parts by weight (Comparative Example 
5), respectively, to 100 parts by weight of the above fine zircon powder of high purity, were prepared. Fine zircon 
sand powder (produced in Australia) was also prepared (Comparative Example 6). 

Each of the above fine powders was moulded by a mould under a pressure of 500 kg/cm 2 and subjected 
to and isostatic pressing in a rubber press under a pressure of 2 ton/cm 2 to obtain a shaped product, which 
50 was then sintered. 

The zircon content was calculated by the following formula from the area ratio of four peaks for (200) of 
zircon at 2G = 26-32°, (111) and (11T) of monoclinic system zirconia and (101) of tetragonal system zirconia 
by a powder X-ray diffraction test : 

l(200)/{l(200) «• 1(111) + 1(111) + 1(101)) 
55 where I represents the X-ray intensity, and the numeral in 0 represents a miller index. 

The analysis of the metal impurities was conducted by chemical analysis. 

The particle size of the fine zircon powder of high purity was examined by means of a scanning electron 
microscope. The arain size of the sintered body was determined by subjecting the sintered body to thermal 
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etching at 1500°C, followed by examination by means of a scanning electron microscope. The thermal etching 
treatment was to polish the sample to obtain a mirror finish surface and then heat the sample and the polished 
surface in air at 1500°C for 5 hours. 

The method used to determine grain size and particle size was the known so-called intercept method using 
5 the diameter method version. 

Reference is made to the following two publications for a detailed discussion of this method : 

(1) E.E. Underwood, A.R. Colcord and W.C. Wangh, "Ceramic Mfcrostructures" ed. by T.A. Pask and R.M. 
Fulrath, Wiley and Sons (1966) p.25-52. 

(2) E.E. Underwood, "Quantitative Stereology", Addison Wesley (1970). 

10 The method used in the present invention was to photograph the sample whose particle size or grain size 
was to be determined at 500 fold magnification. An area containing 200 grains or particles was then analysed. 
An arbitrary direction was selected and the maximum length of each grain or particle in the said direction was 
measured and the average of these lengths was taken as the grain size or particle size and Is the value referred 
to herein. 

15 The mechanical strength was conducted by a three point bending test (JIS R-1601). The thermal shock 
resistance was measured by heating a sample to a predetermined temperature and then dropping It Into water 
at 20°C, followed by carrying out a three point bending test. The thermal shock resistance value is the tem- 
perature at which no deterioration in the strength resulted from the heating and sudden cooling. 

Tables 1 A to 1C below give details of Examples 1 to 8, Tables 2A to 2C below give details of comparative 

20 Examples 1 to 8. Tables 1 A and 2A give details of the powder before sintering, Tables 1 B and 2B give details 
of the sintering conditions and some details of the sintered body ; and Tables 1C and 2C give details of the 
physical properties of the sintered body. 



Table 1A 









Zircon 


powder 




30 


Example 
No. 


Zircon 

content 

(wt%) 


Si/Zr 

atomic 

ratio 


Content of 
metal 
impurities 
(wt%) 


Average 
particle 
size (/an) 


35 


1 


95.0 


1.00 


0.24 


0.5 




2 


95.0 


1.00 


0.25 


0.5 


40 


3 


95.0 


1.00 


0.25 


0.5 


45 


4 


95.0 


1.00 


0.25 


0.5 


5 


95.0 | 


1.00 


0.24 


0.5 


SO 


6 


95.0 


1.00 


0.25 


0.5 . . . 




7 . 


95.0 


1.00 


0.24 


0.5 


85 


8 


93.8 


1.00 


0.24 . 


1.2 
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Table IB 



5 




Sintering 
conditions 


Sintered body 




Example 
No. 












10 


Temp. 
(°C) 


time 
(hr) 


Zircon 

content 

(wt%) 


Bulk 

density 

(g/cm-*) 


Average 
grain 
size \ /^Iu ; 


4K 


1 




2 


100 


4.55 


4.3 


10 


2 


1680 


2 


100 


4.59 


4.5 


20 


3 


1650 


2 


98 


4.58 


3.8 




4 


1680 


2 


98 


4.60 


4.5 


25 


5 


1650 


6 


100 


4.60 


4.5 




6 


1680 


6 


100 


4.60 


4.7 


30 


7 


1630 


6 


i.oo 


4.56 


4.1 




8 


1680 


2 


100 


4.57 


4.7 



35 



40 



45 



55 
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Table 1C 



Example 
Mo. 


Physical properties of the sintered body 


temp. 

strength 

(MPa) 


CIf-rpnnt"h 

at 

1400°C 
(MPa) 


Hardness 
(GPa) 


Fracture 

toughness 

(MPa\fin) 


Thermal 
shock 

resistance 
value (°C) 


1 


313 


310 


15.2 


2.8 


300 


2 


335 


340 


15.2 


2.8 


300 


3 


410 


408 


15.1 


2.7 


300 


4 


360 


358 


15.1 


2.8 


300 


5 


400 


400 ! 


15.2 


2.7 


300 


6 


405 


406 


15.2 


2.8 


300 


7 


351 


350 


15.2 


2.8 


300 


8 


381 j 


383 


15.1 


2.7 


300 



35 



40 



45 



55 
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Table 2A 





Zircon powder 




Comparative 

Example 

No. 


Zircon 

content 

(wt%) 


Si/Zr 

atomic 

ratio 


Content of 
metal 

impurities 
(wt%) 


Average 
particle 
size (/4D) 


1 


95.0 


1.00 


0.25 


0.5 


2 


95.0 


1.00 


0.25 


0.5 


3 


95.0 


1.00 


0.25 


0.5 


4 


92.0 


0.90 


0.24 


0.5 


5 


90.0 


1.40 


0.24 


0.5 


6 


94.3 


1.00 


0.86 


1.8 


7 


95.0 , 


1.00 


0.25 


2.5 


8 


60.0 


1.00 


0.25 


0.5 



The non-zircon content of the samples is made up of unreacted zirconia and silica. The following impurities 
quoted as the individual elements as wt % : 
Fe <0.01, Ca <0.005, Ti <0.005, Mg <0.002, 
Y * 0.04, Na = 0.023, Mn *= 0.001 , V = 0.002 
and A » 0.15, total 0.238, were present in Example 1. 
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Table 2B 



5 


Zcmparative 
Example 


Sintering 
conditions 


Sintered body 


10 


No* 


Temp. 
(°C) 


time 
(hr) 


Zircon 

content 

(wt%) 


Bulk 

density 

(g/cm3) 


Average 
grain 

size (//m) 


15 


1 


1550 


2 


100 


4.30 


4.1 




2 


1600 


0.1 


100 


4.40 


4.3 


20 


3 


1800 


2 


88 


4.00 


10.0 




4 


1680 


2 


90 


4.52 


4.5 


25 


5- 


1680 


2 


90 


4.53 


5.0 




6 


1650 


10 


90 


4.30 


15.6 


30 


7 


1650 


10 


89 


4.40 


3.7 




8 


1650 


2 


95 


4.48 


6.7 



35 



40 



45 



55 
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Table 2C 





Compara- 


Physical properties of the sintered body 


5 


tive 

Example 

No. 


Room 

temp. 

strength 


Strength 
at 

1400°C 


Hardness 
(GPa) 


toughness 
(MPaJm) 


Thermal 
shock 

resistance 


10 




(MPa) 


(MPa) 




value (°C) 




1 


203 


200 


14 . 0 


2 . 7 


O f\ f\ 

300 


15 


2 


195 


190 


14 . 5 


2 • o 


•a ft n. 




3 


120 


95 


15 .0 


z . 7 




20 


4 


310 


200 


15 . 1 




Z JU 




5 


320 


110 


14.5 


2.8 


250 


25 


6 


190 


48 


13.0 


2.0 


250 




7 


193 


186 


14.2 


2.8 


300 


30 


8 


200 


190 


14.0 


2.8 


300 



35 

Claims 

1 . A sintered body of zircon characterised in that it has a zircon content of at least 98 wt%, a content of metal 
impurities other than zirconium and silicon of at most 0.44 wt% as calculated as elemental single subst- 

40 ances, and a bulk density of at least 4.55 g/cm 3 . 

2. A sintered body of zircon characterised in that it has a zircon content of at least 98 wt%, a content of metal 
impurities other than zirconium and silicon of at most 0.44 wt% as calculated as elemental single subst- 
ances, and a bulk density of at least 4.55 g/cm 3 and an average grain size of at most 5 jim. 

45 

3. A process for producing a sintered body of zircon, characterised in that it comprises moulding a crystalline 
zircon powder having a SUZr atomic ratio of from 0.95 to 1 .1 , a zircon content of at least 80 wt%, a content 
of metal impurities other than zirconium and silicon of at most 0.44 wt% as calculated as elemental single 
substances followed by sintering within a temperature range of from 1600 to 1700°Cfor at least 30 minutes. 

50 

4. A process for producing a sintered body of zircon , characterised in that it comprises moulding a crystalline 
zircon powder having a Sl/Zr atomic ratio of from 0.95 to 1 .1 , a zircon content of at least 80 wt% a content 
of metal impurities other than zirconium and silicon of at most 0.44 wt% as calculated as elemental single 
substances and an average particle size of at most 2.0 jim, followed by sintering within a temperature range 

55 of from 1600 to 1700°C for at least 30 minutes. 

5. A process as claimed in Claim 3 or Claim 4, characterised in that the sintering is conducted for at most 1 0 
hours. 
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A process as claimed in Claim 3, 4 or 5, characterised in that the sintering is conducted by hot press or 
hot or cold isostatic press sintering. 
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(§4) Sintered body of zircon and process for its production. 



@ A sintered body of zircon having a zircon 
content of at least 98 wt%, a content of metal 
impurities other than zirconium and silicon of at 
most 0.44 wt% as calculated as elemental single 
substances, a bulk density of at least 4.55 g/cm 3 
and an average grain size of at most 5 fim. 
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